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LIM-Kinase (LIMK), including LIMK1 and LIMK2, is the only known catalytic protein among LIM-family molecules. It is
well known that LIMK phosphorylates and inactivates cofilin, an actin-depolymerizing factor regulating actin reorganiza-
tion, while in vivo functions have remained to be elucidated. In the present study, we generated Limk2 gene-deficient mice
in which three LIMK2 isoforms were disrupted in a Cre-mediated fashion. Impaired cofilin phosphorylation was clearly
observed in Limk22/2 fibroblasts stimulated with bradykinin or lysophosphatidic acid, thereby suggesting that Cdc42 or
Rho-dependent LIMK activation did not occur. However, Limk22/2 mice did not exhibit embryonic lethality or any
phenotypic abnormalities in postnatal growth and development, except for spermatogenesis in the testis. The testes of
Limk22/2 mice were smaller in size and partial degeneration of spermatogenic cells in the seminiferous tubules was apparent
in association with increased apoptosis. In addition, the viability of Limk22/2 spermatogenic cells, when cultured under
stressed conditions, was diminished. Furthermore, the potential for germ cells to differentiate in a regenerative state was
severely impaired in Limk22/2 testis. Experimental hyperthermia induced impairment of ADF/cofilin phosphorylation and
the formation of intranuclear cofilin inclusions in mutant germ cells. Based on these findings, we propose that LIMK2,
especially the testis-specific isoform tLIMK2, plays an important role in proper progression of spermatogenesis by regulation
of cofilin activity and/or localization in germ cells. © 2001 Elsevier Science
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Cellular structure and functions are generally assembled
and maintained by complex intercellular protein networks,
some of which are mediated by specific associations be-
tween modular consensus motifs. The LIM domain is a
well-known protein-binding motif that functions as adapter
and modifier in inter- or intra-molecular interactions (re-
viewed in Dawid et al., 1998; Bach, 2000). This specialized
double zinc-finger structure is present in single or multiple
copies in a number of proteins, and many authors reported
that certain LIM-family proteins, such as Lim-1, Isl-1,
LMO2, and MLP, are essential for development.
LIM-Kinase (LIMK) is a unique cytoplasmic protein ki-
1 Present address: Suntory Biomedical Research Ltd., Mishima,
Osaka 618-8503, Japan.
2 To whom correspondence should be addressed. Fax: 181-6-
6879-3789. E-mail: nakamura@onbich.med.osaka-u.ac.jp.
0012-1606/01 $35.00
© 2001 Elsevier Science
All rights reserved.nase that has two repeats of the LIM domain at the
N-terminal, followed by another protein interaction mod-
ule of the PDZ domain (Mizuno et al., 1994; Bernard et al.,
1994; Cheng and Robertson, 1995). Two LIMK members
were identified and designated as LIMK1 and LIMK2 in
human, rat, mouse, and Xenopus (Nunoue et al., 1995;
Osada et al., 1996; Koshimizu et al., 1997; Takahashi et al.,
1997, 2001). Both LIMK1 and LIMK2 specifically catalyse
the phosphorylation of an actin-depolymerizing factor
(ADF), cofilin (Arber et al., 1998; Yang et al., 1998; Sumi et
al., 1999). The ADF/cofilin family molecules have been
identified in a wide range of eukaryotic organisms, from
yeast to human, and binding of cofilin to actin promotes the
transition from polymeric F-actin into oligomeric or mono-
meric G-actin (reviewed in Ayscongh, 1998; Bamburg,
1999). Phosphorylation of cofilin by LIMK abolishes the
potential of cofilin to bind and depolymerize actin, leading
to accumulation of actin aggregation and/or filaments.
Interestingly, activity of LIMK1 and LIMK2 is regulated in
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Rho family member, Rac via activation of a well-known
Rac effector Pak (Edwards et al., 1999). In contrast, LIMK2
is activated by Rho and Cdc42 (Sumi et al., 1999), which are
mediated by their specific effectors, ROCK (Rho-associated
kinase) (Sumi et al., 2001a) and MRCKa (myotonic dystro-
phy kinase-related Cdc42-binding kinase) (Sumi et al.,
2001b), respectively. Accordingly, LIMK is considered to be
an important component that transduces signals from ex-
tracellular stimuli to cytoskeletal networks.
One unanswered question is the in vivo function of
LIMK1/2, especially in mammals. LIMK1/2 are predomi-
nantly expressed in fetal and adult neural tissues, such as
brain, spinal cord, and various sensory organs, (for refer-
ence, see Mori et al., 1997; Takahashi et al., 1997, 1998).
However, the biological significance of LIMK in neural
development and functions cannot be elucidated based on
these findings, and little progress has been made toward
understanding their in vivo functions. Frangiskakis et al.
(1996) reported that a hemizygotic deletion of the LIMK1
gene might cause abnormal visuospatial constructive cog-
nition in patients with Williams syndrome, yet this rela-
tionship has been questioned (Tassabehji et al., 1999).
Recently, we reported that LIMK was functionally in-
volved in oocyte maturation of germ cell development,
using Xenopus systems (Takahashi et al., 2001). Ectopic
expression of Xenopus LIMK mRNA in progesterone-
treated oocytes mainly affected organization of spindle
precursors and resulted in impaired progression of oocyte
maturation. In mammals, LIMK, especially LIMK2, may
also play a role during meiotic processes. Unlike LIMK1,
LIMK2 has at least three types of functional isoforms,
generated by alternative splicing (Nunoue et al., 1995;
Osada et al., 1996; Koshimizu et al., 1997; Takahashi et al.,
1998; Ikebe et al., 1998). We reported that while ordinary
transcript LIMK2a was ubiquitously expressed in a variety
of tissues, including neural tissues, the LIMK2 isoform
LIMK2b, which has only one LIM domain, was predomi-
nantly expressed in the brain (Koshimizu et al., 1997). We
also identified the testis-specific LIMK2 isoform (tLIMK2)
that lacked LIM domains and part of the PDZ domain
(Takahashi et al., 1998). Our in situ hybridization analysis
showed that tLIMK2 was specifically expressed in differen-
tiated, meiotic stages of spermatogenic cells, thereby sug-
gesting that it contributed to spermatogenesis.
To examine the functional significance of LIMK2, we
generated Limk2-deficient mice by targeted gene disrup-
tion. While these mice contained the targeted disruption
developed normally and were fertile, males exhibited im-
paired spermatogenesis and showed an increase in apoptosis
of germ cells. We now report that the potential to survive
and differentiation of spermatogenic cells in Limk2-
deficient mice were significantly affected under some
stressed conditions. In stressed conditions, ADF/cofilin
phosphorylation was severely impaired, and cofilin fre-
quently accumulated in the nucleus. We propose that
LIMK2, especially tLIMK2, plays an important role in the
© 2001 Elsevier Science. Aprogression of spermatogenesis and in protection against
apoptosis of germ cells.
MATERIALS AND METHODS
Construction of the Targeting Vector
Genomic DNA clones of the Limk2 locus were obtained from a
129/SvJ mouse-derived genomic library, as described (Koshimizu et
al., 1997). A 15-kb genomic fragment covering from exon 3 to exon 7
was used to construct a Limk2 targeting vector (Fig. 1A). The PGK pro-
moter-driven neomycin-resistance cassette (PGK-Neo; a gift from Life
Technologies Japan, Tokyo, Japan) was flanked with loxP sequences
(Sauer, 1993), derived from pBS246 (GIBCO BRL), and inserted into
the intron region between exon 1t and exon 6. Another loxP sequence
was further added upstream of exon 3. Furthermore, MC1 promoter-
driven diphtheria toxin (DT)-A cassette (Yagi et al., 1990) was at-
tached to the 39-end of the genomic fragment for negative selection.
Disruption of the Limk2 Locus
R1 embryonic stem (ES) cells (kindly provided by Dr. A. Nagy,
Mt.Sinai Hospital, Toronto, Canada, through Dr. H. Kondo, Osaka
University, Osaka, Japan) were electrophorated with the linearized
targeting vector DNA, and then selected with G418 at 150 mg/ml.
G418-resistant ES clones harboring desired homologous recombi-
nations were determined by Southern blot analysis, using two
probes (Fig. 1B). According to the method of Nagy and Rossant
(1993), small clumps of targeted ES cells were sandwiched between
two eight-cell stage embryos from CD-1 mice, and the aggregates
were implanted into pseudo-pregnant CD-1 females. Chimeric
mice, identified by coat color, were mated with C57BL/6 or CD-1
females and transmission of the targeted allele was verified by
Southern blot analysis.
Offspring with modified Limk2 allele (Limk2flox) were then
mated with CAG-Cre transgenic mice, in which Cre-mediated gene
excision occurred from the two-cell stage of embryonic develop-
ment (Sakai and Miyazaki, 1997). Heterozygotes (Limk21/2) were
intercrossed to produce homozygous offsprings, and all analyses in
this study were carried out with mice of a mixed genetic back-
ground. Offspring were genotyped by Southern blot analysis.
Fibroblast Culture and Experiments
Limk2 heterozygotes were mated and females were killed at 13.5
days of gestation. Embryos were decapitated and eviscerated, and
carcasses were digested with trypsin. Mouse embryonic fibroblast
(MEF) cells derived from a single embryo were used at an early
passage. Genotyping of MEF was confirmed by Southern blot analysis.
For in vivo cofilin phosphorylation assay, MEF cells were trans-
fected with pcDNA3/Flag-tagged cofilin, as described (Sumi et al.,
1999). These cells were serum-starved for 24 h, preincubated with
[32P]orthophosphate (150 mCi/ml) for 3 h in Hepes-buffered Krebs–
Ringer solution, and then stimulated for 3 min with 100 mM
bradykinin, 10 ng/ml PDGF, and 10 mM lysophosphatidic acid
(LPA). Cells were lysed in lysis buffer (Takahashi et al., 2001).
Flag-tagged cofilin was prepared from the extracts by immunopre-
cipitation with anti-Flag antibody (M2; Sigma) and protein
G-Sepharose CL-4B (Amersham Pharmacia). Samples were sub-
jected to SDS–PAGE followed by autoradiography. Cell extracts (10
mg) were also subjected to anti-Flag immunoblots to detect Flag-
tagged cofilin.
ll rights reserved.
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261Spermatogenesis in LIMK2-Knockout MiceTo visualize actin filaments, cells were grown on coverslips,
fixed with 3.7% formaldehyde, and stained with rhodamine-
conjugated phalloidin (Molecular Probes). Fluorescent images were
viewed and photographed, using a laser scanning confocal micro-
FIG. 1. Targeted disruption of mouse Limk2 gene locus. (A) Schem
loxP sites, and floxed and excised (disrupted) allele of the Limk2
indicated by triangles. Probes A and B used for Southern blot analy
follows: B, BamHI; E, EcoRI. (B) Southern blot analysis of representa
for hybridization with probes A and B, respecively. (Left) Determ
Cre-mediated excision of expected region of Limk2 locus. The sizescope (LSM410; Carl Zeiss).
© 2001 Elsevier Science. AHistological and Immunohistochemical Analysis
Tissues were fixed in Bouin’s solution, progressively dehy-
drated in a graded series of ethanol, embedded in paraffin,
representation of wild-type (WT) allele, targeting vector containing
. Exons are represented as numbered boxes. Three loxP sites are
e indicated by solid bars. Restriction cutting sites are indicated as
progenies. Tail genomic DNA was digested with EcoRI and BamHI
ion of progenies with floxed-Limk2 allele. (Right) Verification of
NA fragments hybridized with each probe is indicated.atic
gene
sis ar
tive
inatand then sectioned 3 mm thick. Prepared sections were stained
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262 Takahashi et al.with hematoxylin and eosin, and examined under a light micro-
scope.
In some experiments, apoptotic cells were detected by TdT-
mediated dUTP nick-end labeling (TUNEL) assay, using the ApoTag
detection kit (Intergene), according to the manufacturer’s instruction.
In immunohistochemical analyses, testes were fixed with 4%
paraformaldehyde, equilibrated with 10% sucrose in PBS, embed-
ded in O.C.T. compound, and then sectioned 4 mm thick. Prepara-
tion and characterization of anti-LIMK2 antibody, which we gen-
erated, has been described elsewhere (Takahashi et al., 1998).
Anti-cofilin antibody (MAB22; Abe et al., 1989) was kindly pro-
vided by Dr. H. Abe (Chiba University, Japan), and anti-b-actin
antibody (AC-15) was purchased from Sigma. After incubation with
each antibody overnight at 4°C, sections were incubated with the
Alexa488-conjugated anti-rabbit or anti-mouse IgG (Molecular
Probes). Nuclei were stained with Hoechst 33342 (Molecular
Probes). Fluorescent images were viewed and photographed.
Experimental Cryptorchidism and
Its Surgical Reversal
Experimental cryptorchidism was carried out on animals aged
2–4 months, as described (Nishimune et al., 1978; Koshimizu et
al., 1991). In short, testes were displaced into the abdomen by
suturing the epididymal fat pad on the abdominal wall. After 6
weeks, these cryptorchid testes were surgically reversed into the
scrotum. These mice were sacrificed 6 weeks later and testes were
prepared for histological examination.
Tubules in surgically reversed testis were classified into the
following four categories: Type I, only spermatogonia were present
as germ cells; Type II, most advanced stages of spermatogenic cells
were leptotene-zygotene spermatocytes; Type III, pachytene sper-
matocytes were frequent, but spermatids were fewer in number;
Type IV, the number of spermatids was large.
In Vitro Germ Cell Survival Assay
Testes from more than 2 months old were decapsulated and
treated with 0.1% collagenase solution, were gently dispersed in
0.2% trypsin, and filtered through a nylon mesh to obtain single
cells. The cell suspension was then layered over a bovine serum
albumin gradient, and fractions mostly composed of pachytene
spermatocytes (purity: ;80%) were collected, according to the
method of Bellve (1993). Approximately 103 spermatocytes were
plated in collagen-coated dishes or onto Sertoli cell feeder layers
and maintained at 32 or 39°C in a humidified CO2 incubator. Cell
viability after 48 h of culture was checked by trypan blue exclusion.
Statistics
Values are expressed as means 6 standard error of means (S.E.).
For each parameter, statistical significance of differences between
groups was determined by Student’s t-test and significance was
rejected at P . 0.05.
RESULTS
Generation of Mice with Targeted Disruption
of the Limk2 Gene Locus
The gene-targeting scheme used in this study was aimed
at Cre-mediated excision of exons 3–5, which encode the
© 2001 Elsevier Science. Asecond LIM domain and part of the PDZ domain for Limk2a
and Limk2b, and excision of exon 1t that is the initiation
exon for tLimk2 transcript (Fig. 1A). Thus, it was predicted
that functional LIMK2 proteins would not be produced.
From screening for the desired targeting events, we ob-
tained several targeted ES cell clones. Among them, two
clones transmitted altered Limk2 allele (Limk2flox) via ga-
metes from resulting chimeras. The expected Cre-mediated
excision of Limk2 exons successfully occurred by mating
Limk2flox/1 mice with transgenic mice in which Cre protein
was ubiquitously expressed (Fig. 1B).
Interbreeding of Limk2 heterozygous mice (Limk21/2)
produced offspring with no significant decrease in litter
size, and they yielded homozygotes at the expected Mende-
lian ratio of 25% (wild type, n 5 61; heterozygotes, n 5 144;
and homozygotes, n 5 58), thereby indicating that gene
disruption of Limk2 did not affect embryonic development.
Effects of LIMK2-Deficiency on Cofilin
Phosphorylation and Actin-Reorganizing
Activity in MEF Cells
To verify that the Limk2-derived product (LIMK2 protein)
was not produced in Limk22/2 mice, we first checked for the
presence of LIMK2 protein in MEF cells by Western blot
analysis, using a LIMK2-specific antibody. A 72-kDa band
of LIMK2 protein was detected in cellular extracts from
Limk21/1 and Limk21/2 MEF cells, but not from Limk22/2
cells (Fig. 2A). Under the same experimental conditions,
there was no difference in the level of Limk1-product
(LIMK1) between the genotypes. Similar results were ob-
tained in other organs including brain, liver, kidney, and
spleen (data not shown).
To determine the effects of LIMK2 deficiency, in vivo
cofilin phosphorylation activity in MEF cells was exam-
ined. We previously found that LIMK1 was activated by
Rac, while LIMK2 activity was enhanced by Cdc42 and Rho
(Sumi et al., 1999). Accordingly, we treated MEF cells with
three types of reagents, which preferentially activated
Cdc42, Rac, and Rho, and examined their effects in phos-
phorylation of cofilin and actin reorganization. The extra-
cellular signal derived from bradykinin, PDGF, and LPA
induced activation of Cdc42, Rac, and Rho, respectively
(reviewed in Aelst and D’Souza-Schorey, 1997; Schmidt and
Hall, 1998). As expected, the addition of bradykinin, PDGF,
or LPA to wild-type MEF cultures resulted in increases in
cofilin phosphorylation, compared with findings in non-
treated cells (Fig. 2B). In LIMK2-deficient cells, PDGF
treatment also led to the same extent of 32P incorporation
into cofilin. However, LPA did not induce cofilin phosphor-
ylation to any significant level. The slight increase in
bradykinin-treated cells was likely due to subsequent Rac
activation by Cdc42 (Kozuma et al., 1995; Sumi et al.,
1999). These results suggested that endogenous LIMK1
could not substitute for LIMK2 in the case of Rho family-
mediated cofilin regulation. Furthermore, it was likely that,
in LIMK2-deficient cells, Rac-mediated LIMK1 activation
ll rights reserved.
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toward cofilin phosphorylation were crucially impaired, a
view in good accord with our previous proposal (Sumi et al.,
FIG. 2. Effects of Limk2 disruption on cofilin phosphorylation and
LIMK1) protein in MEF cells by Western blotting. Cell lysates (50 m
and LIMK1 protein, LIMK2- and LIMK1-specific antibodies genera
et al., 1999) were used. As a standard control, expression of a-tub
Molecular mass (kDa) of marker proteins is indicated on the right. (B
different agents. Phosphorylated Flag-tagged cofilin was immuno
(upper panel; 32P). The level of cofilin phosphorylation was densitom
Total Flag-tagged cofilin was detected by Western blotting, using
serum-starved MEF cells treated with none (a, d), PDGF (10 ng/ml; b
MEF cells from a Limk2-deficient mouse. F-actin was visualized,
dorsal ruffles.1999).
© 2001 Elsevier Science. AOn the contrary, disruption of the Limk2 gene did not
affect actin reorganization in MEF cells. Activation of
Cdc42, Rac, and Rho specifically induces formation of actin
-reorganization activity in MEF cells. (A) Detection of LIMK2 (and
m each genotype of MEF cells were loaded. For detection of LIMK2
gainst their C-terminal amino acids (Takahashi et al., 1998; Sumi
detected with anti-a-tubulin antibody (DM1A; Sigma), is shown.
vivo coflilin phosphorylation activity in MEF cells stimulated with
pitated with anti-Flag antibody and detected by autoradiography
ally estimated, using a BAS 2500 Bio-Imaging Analyzer (Fuji Film).
nti-Flag antibody (lower panel; WB). (C) Actin reorganization in
and LPA (10 mM; c, f). (a–c) MEF cells from a wild-type mouse; (d–f)
g rhodamine-conjugated phalloidin. Arrows in (b) and (e) indicateactin
g) fro
ted a
ulin,
) In
preci
etric
an a
, e),
usinreorganization-based cellular structures of fillopodia, lamel-
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264 Takahashi et al.lipodia or membrane ruffling, and stress fibers, respectively
(reviewed in Aelst and D’Souza-Schorey, 1997; Schmidt and
Hall, 1998). We observed that treatment with bradykinin-
PDGE-; and LPA-treatment led to the appearance of fillopo-
dia (data not shown), membrane ruffling (dorsal ruffling),
and stress fibers (Fig. 2C) not only in wild-type MEF cells,
but also in LIMK2-deficient cells. This finding was ascribed
to the presence of the LIMK-independent, bypassed signal-
ing pathway toward actin reorganization, since actin cy-
toskeletal dynamics are regulated by a variety of Rho family
member-associated effectors, such as MRCK, IQGAP, and
WASP (reviewed in Aelst and D’Souza-Schorey et al., 1997;
Schmidt and Hall, 1998).
Phenotypical Abnormalities in Testis
of Limk2-Deficient Mice
Both male and female homozygous Limk22/2 mice grew
normally to adulthood with no apparent decrease in body
weight and growth rate, compared to findings in wild-type
or heterozygous mice. Apart from the smaller size of the
testis (described below), no gross abnormalities were found
in homozygotes. In some populations of LIMK22/2 mice,
moderate abnormalities were found in kidneys with dilated
collecting tubules and slight decreases in numbers of glo-
meruli, while there were no alterations in nephrotic func-
tion (data not shown). No other histological abnormalities
were found in any tissues examined, such as brain, lung,
heart, kidney, stomach, gut, and spleen. Furthermore,
Limk22/2 mice beyond the age of 12 months showed no
pathological symptoms, abnormal behavior, or significant
increases in tumor development.
At autopsy, we found that testes of Limk22/2 mice were
smaller in size. The weight of testes in Limk22/2 mice was
significantly reduced to approximately 80% compared to
control (Limk21/1 and Limk21/2) mice (Fig. 3A). No differ-
ence was observed between mutant and control mice re-
garding body weight and weights of accessory sex organs
(epididymis, prostate, and seminal vesicle), thus confirming
normal androgenic conditions (data not shown). As in
control mice (Fig. 3B), a large number of seminiferous
tubules in Limk22/2 mice contained spermatogenic cells of
all stages, indicating normal differentiation and a well-
established spermatogenic cycle. However, some tubules
had very few germ cells that were reduced in diameter (Fig.
3C). Although the proportion of germ cell-less tubules
varied among individuals (5–20% of tubular cross-sections
in a section of testis), such abnormal tubules were never
seen in control testes. Precisely, most portions of abnormal
tubules contained only a single layer of early stages of
spermatocytes (preleptotene, leptotene, and zygotene sper-
matocytes), and germ cells beyond the pachytene stage were
reduced in number and were often necrotic (Figs. 3C and
3D). In addition, as shown in Fig. 3E, a considerable number
of large, syncytial multinucleated germ cells, the putative
indicator of apoptosis (Rotter et al., 1993), was observed in
the gametic portion of tubules in the mutant testis. These
© 2001 Elsevier Science. Afragile cells were present in the central part of the lumen.
We detected no such abnormalities in juvenile (;6 weeks
after birth) Limk22/2 mice, thereby indicating that impaired
spermatogenesis occurred after puberty. Despite these ab-
normal phenotypes, Limk2-deficient mice were fertile (data
not shown).
We next investigated regenerative differentiation of tes-
ticular germ cells, using experimental cryptorchidism and
its surgical reversal, a stress-conditioned model effective to
evaluate spermatogenic ability of germ cells (Nishimune et
al., 1978; Koshimizu et al., 1991; Nishimune and Okabe,
1993). The seminiferous tubules of testis transplanted into
the abdominal cavity, the cryptorchid testis, consisted of
only spermatogonia as germ cells because heat-sensitive
differentiated germ cells had degenerated (Fig. 4A), and
there was no difference in the weight of cryptorchid testis
between Limk22/2 and control mice (Fig. 4D). Testicular
weights of control mice recovered up to about 70% of that
in intact (noncryptorchid) testis at 6 weeks after surgical
reversal of cryptorchid testis back to the scrotal sac. In
reversed testis of wild-type mice, a large population of
seminiferous tubules consisted of normally developing
spermatogenic cells (Fig. 4B). In contrast, weights of re-
versed testis in Limk22/2 mice remained at a slightly higher
level than that from the cryptorchid testis (Fig. 4D). In these
tubules, more differentiated stages of spermatogenic cells
(spermatids and sperm) were rare and meiotic stages of germ
cells were also reduced in number (Figs. 4C and 4E),
suggesting the impaired spermatogenic abilities of
Limk22/2 germ cells.
Expression of LIMK2 Transcripts and Their
Products in Testis
To verify that testicular abnormalities in Limk22/2 mice
were associated with the absence of LIMK2 in testis, we
examined the expression of Limk2 mRNA and its product
in the mutant testis. In control (Limk21/1 and Limk21/2)
adult testis, testis-specific Limk2 variant, tLimk2 tran-
scripts were abundant, but not so in Limk22/2 mice (Fig.
5A). As we expected, any possible Limk2 gene-derived
products were never observed in mutant testis (Figs. 5B and
5C). Immunoblot analysis showed that, in control mice,
tLIMK2 protein was detected only in mature stages of
testes, while ordinary LIMK2 was only seen during prepu-
bertic stages, which was in good accord with the expression
pattern of Limk2/tLimk2 transcripts (Takahashi et al.,
1998). In immunohistochemical analysis, positive signals
with LIMK2-specific antibody, which were never seen in
Limk22/2 testis, were mainly detected in differentiated
stages of germ cells, such as spermatocytes and spermatids,
and these signals almost merged with DNA staining with
Hoechst 33342, which suggested nuclear localization of
tLIMK2 protein in spermatogenic cells (Fig. 5C). In all
analyses examined, induction of Limk1 mRNA and its
product was not evident (Figs. 5A and 5B).
ll rights reserved.
265Spermatogenesis in LIMK2-Knockout MiceFIG. 3. Weight and histological appearance of testis. (A) Testis weights in adult mice (2–4 months of age; n . 15). Asterisks represent a
statistical difference from 1/1 and 1/2 at P , 0.05. (B–E) Histological appearance of seminiferous tubules in testis. Original magnification is
3200 in (B) and (C), and 3400 in (D) and (E), respectively. Asterisks in (C) and (D) indicate seminiferous tubules with no or fewer spermatogenic
cells. Arrowheads in (E) show multinucleated, degenerative cells. Higher magnification view of boxed region in (E) is shown in the insert.
© 2001 Elsevier Science. All rights reserved.
266 Takahashi et al.Increased Apoptosis in Spermatogenic Cells
of Limk2-Deficient Mice
Histological abnormalities found in Limk22/2 testis
raised the possibility that apoptotic germ cell death was
enhanced in the mutant testis. We then used TUNEL assay
on testicular sections of adult mice. In wild-type and
heterozygous mice testis, less than 10% of seminiferous
tubules had TUNEL-positive cells and they were mainly
spermatogonia and early stage of spermatocytes located at
the periphery of tubules (Figs. 6A and 6C). The number of
TUNEL-positive cells per tubule was one or two in most
cases. On the other hand, in the Limk22/2 testis, TUNEL-
positive germ cells were present in larger portions of the
tubules and these tubules were almost histologically nor-
mal (Figs. 6B and 6C). In these tubules, TUNEL labeling was
detected not only in germ cells at the periphery but also in
more differentiated cells located in the middle part of germ
cell layers. Consistent with this, the number of TUNEL-
positive cells per tubule was markedly larger in Limk22/2
testis than in the controls.
To clarify the apoptotic sensitivity of mutant germ cells,
we carried out artificial testicular hyperthermia. Differen-
tiated spermatogenic cells are sensitive to heat stress, and
are fragile when exposed to a high temperature (reviewed in
Allan et al., 1987). In control testis subjected to in vivo heat
stress, about one-third of the seminiferous tubules con-
tained TUNEL-positive germ cells, including spermatogo-
nia and spermatocytes (Fig. 6E). On the other hand,
TUNEL-labeled cells were observed in approximately one-
half the number of the tubular cross-sections in Limk22/2
testis. More than five or six TUNEL-positive spermatocytes
were present in many tubules of mutant testis, while a few
spermatocytes per tubule were positive in controls.
The viability of testicular germ cells in in vitro culture
conditions was further examined. Testicular germ cells in
culture rapidly undergo apoptosis under some stressed
conditions, such as high temperature and absence of feeders
(reviewed in Bellve, 1993). As shown in Fig. 7, when
spermatogenic cells (mostly pachytene spermatocytes) were
cultured for 48 h onto Sertoli cell feeders at permissive
temperatures (32°C), the viability of germ cells from mu-
tant testis did not differ from those in the controls. In the
absence of feeders, however, Limk22/2 mice-derived germ
cells exhibited marked decreases in viability. The data from
cultures at a nonpermissive temperature (39°C) was clearer;
a certain number of spermatogenic cells from control mice
survived this stress, while most of the Limk22/2 germ cells
FIG. 4. Regenerative spermatogenesis after surgical reversal of c
cryptorchid (A) and surgically reversed (B, C) testes from wild-type (
were multinucleated, degenerative cells. Original magnification is
and its surgical reversal (n . 6). Mean values with different superscr
differentiation after surgical reversal of cryptorchid testis. Values a
cross-sections counted. Classification of tubule type (Type I–IV) is desc
© 2001 Elsevier Science. Aperished. These results suggest that LIMK2-deficient germ
cells were more sensitive to apoptosis-inducing conditions,
in comparison to findings in wild-type cells.
Impaired Cofilin Phosphorylation and Nuclear
Accumulation of Cofilin Inclusions in Limk22/2
Testis Subjected to Artificial Hyperthermia
To ascertain whether the absence of tLIMK2 affected the
phosphorylation-state of ADF/cofilin in germ cells, two-
dimensional gel electrophoresis analysis was carried out. In
this system, phosphorylated and nonphosphorylated cofilin
was clearly distinguishable by differences in electrophoretic
mobility (Sumi et al., 2001b). In intact conditions, about
40% of the ADF/cofilin was the nonphosphorylated form in
both control and mutant germ cells, respectively (Fig. 8).
With heat stress, more than 80% of the ADF/cofilin in
wild-type germ cells was phosphorylated. In contrast, such
heat stress-induced ADF/cofilin phosphorylation was im-
paired in mutant germ cells; a portion of the nonphospho-
rylated form of ADF/cofilin was comparable to findings
under intact conditions. These results indicated that, under
stressed conditions, the ADF/cofilin inactivation potential
in mutant germ cells was remarkably impaired.
It is well known that, in response to some stresses, such
as heat, DMSO, and osmotic pressure, ADF/cofilin migrates
into nucleus and forms rod-like inclusions with associated
actin, and such nuclear accumulation of ADF/cofilin was
inhibited by phosphorylation (Nishida et al., 1987; Ohta et
al., 1989; Abe et al., 1993; Neble et al., 1996; and reviewed
in Bamburg, 1999). Accordingly, we next examined the
nuclear accumulation of cofilin in spermatogenic cells of
the mutant testis. Immunohistochemically, diffusive sig-
nals for cofilin were observed throughout the cytoplasm of
germ cells, not within the nucleus, in both control and
mutant testis (Figs. 9A and 9C). However, after experimen-
tal hyperthermia, the punctate staining of cofilin inclusions
in nucleus was observed in certain populations of germ
cells, especially pachytene stage of spermatocytes (Fig. 9D).
The number of germ cells showing nuclear accumulation of
cofilin was markedly higher in Limk22/2 testis than that in
the controls (Fig. 9E). In addition, actin inclusions were
similarly observed in the nucleus of mutant germ cells
subjected to heat stress (data not shown). These results
suggest that impaired cofilin phosphorylation activity in
mutant germ cells led to accumulation of cofilin inclusions
in the nucleus, at least under conditions of stress.
orchid testis. Histological appearance of seminiferous tubules in
and Limk22/2 (C) mice. Asterisks represent tubules in which there
. (D) Changes in testicular weight following cryptorchid operation
a–c) are statistically different at P , 0.05. (E) Degree of regenerative
dicated as a proportion of each type of tubule in the total tubularrypt
A, B)
3200
ipts (
re inribed under Materials and Methods.
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267Spermatogenesis in LIMK2-Knockout MiceFIG. 5. Expression of LIMK transcripts and their products in testis. Detection of Limk mRNA in adult testis. Total RNA (10 mg) extracted
from testis in each genotype was loaded. Preparation of probes for Limk2 (tLimk2), Limk1, and glyceraldehyde 3-phosphate dehydrogenase
(GAPDH; as a control) and subsequent Northern blot analysis were carried out as described (Takahashi et al., 1998). Positions of molecular
weight markers are indicated on the right. (B) Detection of LIMK protein in testis of various stages. Testicular extracts (50 mg) in each
genotype were loaded. Western blot analysis was done as described in Fig. 2A. Molecular mass (kDa) of marker proteins is indicated on the
right. (C) Immunohistochemical localization of LIMK2 protein in wild-type (b) and Limk22/2 (d) testis with anti-LIMK2 antibody. (a) and
(c) are the corresponding Hoechst 33342 staining to (b) and (d), respectively. Arrows in (b) show pachytene spermatocytes. Line in (b) and
(d) show each germ cell layer. P, pachytene spermatocytes; R, round spermatids; E, elongated spermatids. Original magnification is 3300.
© 2001 Elsevier Science. All rights reserved.
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Several genetics studies of cofilin in S. cereviside (Moon
et al., 1993), C. elegans (Mckim et al., 1994), and Drosoph-
ila (Gunsalus et al., 1995) clearly showed that gene disrup-
tion of cofilin severely affected a variety of cellular events,
such as cell growth, division, and survival. Since cofilin is
the only known substrate for LIMK, and conversely, LIMK
is the only known cofilin kinase, an indispensable role for
FIG. 6. Detection of apoptotic germ cells in testis. Apoptotic ger
(A) and Limk22/2 (B) mice. TUNEL-positive cells are darkly stained
respectively. Original magnification is 3400. (C) Appearance of apo
with that in control. In each testis, all (more than 200) seminife
represent statistical differences from control (1/1 and 1/2) at P ,
tubule in intact testis (n . 5). Values are indicated as a proportio
detected, in total tubular cross-sections having TUNEL-positive ger
testis (n . 4). For in vivo hyperthermia treatment, the testes of ane
6 h, testes were removed and prepared for histological examination
TUNEL-positive germ cells (pachytene spermatocytes and more difLIMK–cofilin system-mediated actin dynamics is likely in
© 2001 Elsevier Science. Amammalian cells. Using Limk22/2 cells, we confirmed our
current proposal (Sumi et al., 1999; 2001a,b) that the
regulatory system of LIMK1 and LIMK2 shares a distinct
part of functions in cytoskeleton reorganization. Despite
these findings, Limk2-deficient mice did not exhibit embry-
onic lethality and there was no marked phenotypic abnor-
mality in postnatal growth and development.
A possible explanation for this result is the compensatory
action of LIMK1, which was equally potent to catalyze
lls were detected by using TUNEL methods in testes of wild-type
owheads and arrows indicate early and late stage of spermatocytes,
ic germ cells in seminiferous tubules of Limk22/2 testis, compared
tubules were counted in the largest testicular section. Asterisks
1. (D) Distribution of number of apoptotic germ cells detected per
tubules, in which 1–2, 3–5, 6 , TUNEL-positive germ cells are
lls. (E) Degree of appearance of apoptotic germ cells in heat-stressed
ized mice were immersed in a water bath at 43°C for 20 min. After
ues are indicated as a proportion of tubules, in which 1–2, 3–5, 6 ,
tiated cells) are detected, in total tubular cross-sections examined.m ce
. Arr
ptot
rous
0.0
n of
m ce
sthet
. Valcofilin. However, we ruled out this notion because, in our
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269Spermatogenesis in LIMK2-Knockout Micein vitro analysis (Fig. 2B), phosphorylation of cofilin by
bradykinin and LPA stimulation, which was selectively
mediated by LIMK2 activation through Cdc42 and Rho
activation, respectively, was not compensated for by endog-
enous LIMK1 in Limk22/2 MEF cells. Furthermore, in
Limk22/2 mice, we found no enhanced expression of Limk1
mRNA and its product in MEF cells (Fig. 2A) and organs,
such as brain, liver, kidney, spleen (data not shown), and
testis (Fig. 5). However, we could not exclude the possibility
of a functional redundancy of LIMK1 in fetal and adult
neural tissues, in which a high, colocalized expression of
LIMK1 and LIMK2 was observed (Nunoue et al., 1995;
Koshimizu et al., 1997; Mori et al., 1997). On the other
hand, it seems likely that the LIMK(2)-independent cofilin
regulation system could alternatively function in Limk22/2
cells, since cofilin activity is controlled by not only phos-
phorylation, but also by other mechanisms, such as envi-
ronmental pH change, phosphoinositol binding, and the
capping mechanism of actin filaments (reviewed in Bam-
burg, 1999). Furthermore, another type of unidentified co-
filin kinase may have been present. Interestingly, mice
deficient in gelsolin (which acts as an F-actin-severing
factor and regulates actin turnover) showed no abnormali-
ties in embryonic and postnatal growth and development,
but do require gelsolin for rapid motile responses (Witke et
al., 1995). By analogy with this finding, overt abnormalities
might appear in Limk22/2 mice subjected to certain stressed
conditions, such as wound-healing, inflammation, and
ischemia-reperfusion. Related research is in progress to test
this possibility.
The obvious abnormality in LIMK2-deficient mice was
found in spermatogenic processes. In some portions of
seminiferous tubules in Limk22/2 testis, impaired sper-
FIG. 7. Viability of spermatogenic cells in in vitro culture condi-
tion. Spermatocytes were partially purified from adult testis, and
they were cultured in the presence or absence of Sertoli cell feeders
at 32 or 39°C for 48 h. The number of viable cells from triplicate
cultures was counted. The mean value of wild-type germ cells
(1/1) cultured in the presence of feeders at 32°C is represented as
100%. Mean values with different superscripts (a–d) are statisti-
cally significant at P , 0.05.matogenesis and germ cell loss were observed in association
© 2001 Elsevier Science. Awith enhanced apoptosis in spermatocytes. Furthermore, in
some stressed-experimental conditions, viability and/or de-
velopment of spermatocytes in Limk22/2 cells were greatly
affected (precisely described below). Since our immunohis-
tochemical data showed localization of tLIMK2 protein in
differentiated spermatogenic cells, including spermatocytes
(Fig. 5C), it is reasonable to consider that tLIMK2 is func-
tionally involved in meiotic processes of spermatogenesis.
Furthermore, it is of interest to note that such spermato-
genic defects were not found in mutant mouse testis of
juvenile stages. As tLIMK2 protein was not detected in
immature testes (Fig. 5B), absence of spermatogenic abnor-
mality in younger LIMK2-deficient mouse testis might be
due to the absence of tLIMK2 protein in this stage.
Impaired spermatogenesis was found in some knockout
mice, such as mice deficient in p53 and Bax genes (Rotter et
al., 1993; Knudsen et al., 1995), which are involved in
apoptotic processes. Furthermore, targeted disruption of
MLH1, Atm, and Cyclin A1 (Baker et al., 1996; Xu et al.,
1996; Liu et al., 1998) caused abnormal spermatogenesis,
leading to an increased germ cell apoptosis. It is generally
considered that spermatogenic cells, especially in meiotic
stages, are fragile and sensitive to external stress, such as
heat, radiation, androgen depletion, and toxins, and that
injured cells rapidly progress toward apoptosis for elimina-
tion from seminiferous tubules (reviewed in Allan et al.,
1987). Furthermore, the effect of LIMK2/tLIMK2 deficiency
on the spermatogenic process was more severe when germ
cells were subjected to certain stressed conditions. These
FIG. 8. Phosphorylation state of ADF/cofilin in spermatogenic
cells. Extracts were prepared from fractionated germ cells of adult
testis presubjected to in vivo hyperthermia or not were performed
on two-dimensional electrophoresis, as described (Sumi et al.,
2001b). ADF/cofilin was then detected by immunoblotting using
an anti-cofilin antibody (Cytoskeleton), which reacted with both
cofilin and ADF. The spot densities were densitometrically esti-
mated using NIH image software (NIH). “p-” indicates “phosphor-
ylated form”.
ll rights reserved.
270 Takahashi et al.observations suggest that tLIMK2 is critically involved in
processes that prevent cell death (apoptosis) induced by
some external stress, at least in spermatogenic cells. Precise
mechanisms by which Limk22/2 spermatogenic cells are
more sensitive to stressed conditions are not clear. How-
ever, our observations do provide evidence that tLIMK2 and
cofilin function in the nucleus of spermatogenic cells under
stressed conditions (Fig. 9). We consider that ADF/cofilin
translocates in the nucleus of spermatogenic cells in re-
sponse to heat stress, and if tLIMK2 is absent, excess
amounts of active ADF/cofilin accumulate and form inclu-
sions, which might be harmful to germ cells. We could not
find apparent ADF/cofilin inclusions under nonstressed
conditions, and it might be due to the difference in severity
of damage subjected to germ cells. In intact testis of mutant
mouse, damage to germ cells might be not so severe to
cause acute extensive germ cell death. Alternatively, in-
jured germ cells (which should have cofilin inclusions in
their nucleus) could be rapidly eliminated in seminiferous
tubules. We supposed that spermatogenic cell degradation
FIG. 9. The presence of cofilin inclusions in the nucleus of muta
localization of cofilin in testis before and after hyperthermia treatm
(C, D) are shown. Arrows in (D) indicate cofilin inclusions in the n
of spermatocytes including aggregated cofilin per tubule in testis is
1–2, 3–5, 6 , spermatocytes in total tubular cross-sections.in intact mutant testis was also caused, at least in part, by
© 2001 Elsevier Science. Athe unusual LIMK2-mediated cofilin dynamics. A recent
report described that cofilin-containing inclusions were
frequently detected in amyloid deposits in the brains of
Alzheimer patients. The formation of persistent inclusions
associated with actin was dependent on neurodegenerative
stimuli via dephosphorylation of cofilin, which led to
degeneration of neurons (Minamide et al., 2000), which
suggests the contribution of actin–cofilin inclusions to
certain neuropathologies.
The functional link between the LIMK–cofilin system
and nuclear processes has been suggested by other workers;
LIMK-induced cofilin phosphorylation increased G-actin
level in cells, and activated serum-responsive factor (SRF)-
dependent gene transcriptions, many of which are involved
in the control of cell proliferation, differentiation, and
survival (Sotiropoulos et al., 1999). In addition, it has been
suggested that nuclear actin plays an important role in
some nuclear functions, such as RNA transcription, RNA
splicing, chromosome condensation, and chromatin remod-
eling (Scheer et al., 1984; Rando et al., 2000), all of which
rm cells after experimental hyperthermia. Immunohistochemical
. The spermatocytes-rich regions in wild-type (A, B) and Limk22/2
us. Original magnification is 3600. In (E), distribution of number
n (n . 3). Values are indicated as a proportion of tubules, includingnt ge
ent
ucle
showare essential for cell survival and mitotic or meiotic divi-
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271Spermatogenesis in LIMK2-Knockout Micesion. Furthermore, we recently demonstrated, using the
Xenopus oocyte system, that ectopic expression of LIMK
clearly impaired progression of the meiotic process, and
LIMK was functionally involved in organization, mainte-
nance, and migration of meiotic spindle precursors, MTOC-
TMA (microtubule organizing center and transient micro-
tubule array) (Takahashi et al., 2001). A similar finding was
also observed in spermatogenic processes in a Drosophila
mutant twinstar (tsr), the gene encoding Drosophila cofilin
(Gunsalus et al., 1995). In their spermatocytes, migration
and separation of centrosomes (equivalent to MTOC) were
severely impaired because of an unusual accumulation of
actin at this site. These two observations strongly suggested
that LIMK–cofilin system-mediated cytoskeletal dynamics
had a crucial role in formation and proper functions of the
meiotic apparatus. Based on all of these findings, it seems
likely that tLIMK2-deficiency causes fatal impairment of
certain nuclear functions capable of inducing germ cell
apoptosis.
In summary, we propose that the testis-specific LIMK2
isoform, tLIMK2, is functionally involved in spermatogen-
esis. In addition to our recent finding (Takahashi et al.,
2001), this is the first evidence for the contribution of LIMK
in germ cell development, and new interest and direction
for studies on LIMK functions will ensue. We found no
abnormality in neural development and functions, hence
the biological significance of LIMK in neural tissues re-
mains to be determined. To address this point, generation of
mice deficient in both Limk1 and Limk2 genes remains to
be done. When Limk1-deficient mice become available,
such double-knockout mice should lead to a better under-
standing of functional roles of LIMK-mediated cytoskeletal
dynamics, not only in neural development, but also in
embryogenesis.
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